Abstract: Superparamagnetic nanomaterials are showing great prospects in medical treatments with targeting medicines. A new conductive superparamagnetic nanocomposite, γ-Fe2O3/polyaniline-curcumin (γ-Fe2O3/PANI-curcumin), was prepared by using the interaction between an amino group in polyaniline and a ketone group in curcumin. The γ-Fe2O3/PANI-curcumin nanocomposite showed superparamagnetism (30 emu· g −1 )
Introduction
In the 1980s, the invention of a conducting polymer changed the traditional understanding that a polymer was only an insulator [1] . Their magnetic composites have become extremely attractive because of their unique and intriguing properties and promising industrial applications [2] [3] [4] [5] [6] [7] , such as electrical
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and magnetic shielding, nonlinear optics, molecular electronics, electrochemical power sources [8] , drugs [9] , sensors and microwave absorbents [10] [11] [12] .
Polyaniline (PANI) nanoparticles containing γ-Fe2O3 (thereafter written as γ-Fe2O3/PANI) is a novel nanomaterial exhibiting a promising application in medical treatments as a targeting drug carrier. Not only γ-Fe2O3/PANI can diminish the particle size, but also polyaniline provides functional groups for loading drugs. The γ-Fe2O3/PANI nanoparticles could show a core-shell structure and superparamagnetism as well as high environmental and thermal stabilities [13] . Up to date, γ-Fe2O3/PANI has mostly been prepared by chemical methods [14] [15] [16] . One of the main ingredients of γ-Fe2O3/PANI, polyaniline (PANI), known for more than 150 years, is the oldest and one of the commonly used conducting polymers due to its easiness of synthesis, environmental stability, and unique reversible properties of doping/dedoping or redox [17] . In particular, polyaniline has a good biological compatibility. MacDiarmid et al. [18] observed that the conductivity of polyaniline can last about 100 h in the human body and current on conductor surface can control a shape and function of anchorage-dependent cells. Mattioli-Belmonte used polyaniline as an electroactive polymer in the culture of excitable cells and opened the possibility of using this material as an electroactive scaffold in cardiac and neuronal tissues as well as demonstrated that PANI was biocompatible in long-term in vivo animal studies [19] .
Another main ingredient of γ-Fe2O3/PANI, γ-iron sesquioxide (γ-Fe2O3), has been attractive due to its non-toxicity, thermal and chemical stabilities, and low cost. It has been regarded as a valuable material to mollify biologically active compounds, bio-tag drug molecules, and hysteretically heat maligned cells. Its magnetism allows a manipulation with external fields [20] [21] [22] . Therefore, γ-Fe2O3 is a good candidate used for drug delivery, information storage, bioseparation, magnetic sensors, and catalysts.
Curcumin is a phenolic pigment extracted from the rhizome of curcuma longa, which as a natural medicine has various derivatives. Curcumin with antineoplastic, anti-oxidation, and anti-inflammation functions is the main composition of curcuma longa, a kind of traditional Chinese medicine, which can also adjust immunity and has extensive value both in economic and medical aspects.
In this article, we developed a new process to synthesize the composite of γ-Fe2O3/PANI-curcumin. Its electrical and magnetic properties were investigated. The curcumin can be immobilized into polyaniline chains based on the interaction between an amino group of polyaniline and a ketone group of curcumin. The results from Fourier transform infrared spectra (FT-IR) and X-ray diffraction (XRD) confirmed that curcumin was immobilized into PANI chains. CV and magnetization studies showed that the composite had both superparamagnetism and electrochemical activities.
Materials
All chemicals used were of analytical grade. Aniline and ammonium persulfate (APS) were purchased from the Shanghai Chemical Reagent Co., Ltd. (Shanghai, China). Aniline was distilled under reduced pressure and stored in the refrigerator at about 4 °C before a usage. Ferrous sulfate heptahydrate (FeSO4· 7H2O), ferric chloride hexahydrate (FeCl3· 6H2O), ethanol and ammonium hydroxide (30 wt. % of NH3 in water) were obtained from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Curcumin was purchased from the Shanghai Aladdin Reagent Co., Ltd. (Shanghai, China). Other chemicals were used as received without a further treatment. All of the aqueous solutions were prepared with doubly distilled water.
Preparation of γ-Fe2O3 Nanoparticles
The γ-Fe2O3 nanoparticles were prepared according to published procedures [23] [24] [25] [26] [27] with some modifications. For a typical example, 5.4 g of FeCl3· 6H2O (20 mmol) and 2.8 g of FeSO4· 7H2O (10 mmol) were dissolved in 20 and 10 mL of water, respectively. The two solutions were mixed, and then dripped into 400 mL of 0.6 mol· dm −3 aqueous ammonia solution for over 20 min with constant stirring. The pH values of the reaction mixture were maintained between 11 and 12 with an addition of a concentrated ammonium hydroxide solution. The products were separated by a magnet, repeatedly washed with doubly distilled water, and then air dried at 80 °C for 12 h.
Preparation of γ-Fe2O3/PANI
A typical procedure for preparing γ-Fe2O3/PANI was as follows [23] . 1.9 mL of aniline (20 mmol aqueous ammonium with magnetic stirring for 24 h, filtrated and washed with double-distilled water to a pH of 6-7, and vacuum dried at 80 °C for 12 h.
Preparation of a γ-Fe2O3/PANI-Curcumin Composite
With a different ratio of γ-Fe2O3/PANI and curcumin, curcumin was dissolved in ethanol, and then γ-Fe2O3/PANI was added into the curcumin solution. The mixed solution reacted under an ultrasonic water bath for hours. The γ-Fe2O3/PANI-curcumin was washed with ethanol and vacuum dried at 70 °C for 12 h, then pulverized after being dried for characterizations.
Characterization of Samples
FT-IR spectra of the samples with pressed KBr pellets were recorded on a Bruker Tensor 27 FT-IR spectrometer (Ettlingen, Germany) in the range of 4000-400 cm −1 . X-ray diffraction patterns of powder samples were taken on an XD-3A powder diffractometer using a Cu Kα radiation (λ = 1.5406 Å) to measure a crystallinity. The applied magnetic field dependence of magnetization was obtained on a vibrating sample magnetometer (VSM) (ADE Co., Lowell, MA, USA) in a field ranging from −8000 to 8000 Oe at room temperature. The size and morphology of the resulting particles were imaged by using a Tecnai-12 (FEI Electron Optics, Eindhoven, The Netherlands) transmission electron microscope. The cyclic voltammogram (CV) was taken on a CHI 660 electroanalysis workstation (Chenhua Instrument Co, Shanghai, China). The cell consisted of a working electrode (6 × 6 mm 2 ), a platinum sheet (10 × 10 mm 2 ) counter electrode and a saturated calomel electrode (SCE) as a reference electrode in a Britton-Robinson (B-R) buffer (pH 7.0). The working electrode was prepared by dispersing the samples in DMF and then dripping the resultant suspension onto the platinum sheet, which was then dried in atmosphere. Samples were dispersed in the aqueous PVP solution under an ultrasonic water bath for 30 min, and the particle sizes were obtained from the Zetasizer Nano instrument (Malvern Instruments Ltd., Worcestershire, UK).
Results and Discussion
It is well known that aldehydes and ketones can react readily with equimolar amounts of primary amines and yield imines [28] . Curcumin and polyaniline contain ketones and end groups of primary amine, respectively. We envision the synthetic route of γ-Fe2O3/polyaniline-curcumin (γ-Fe2O3/PANI-curcumin) as follows (Figure 1 ): Figure 1 . Schematic illustration for formation of γ-Fe2O3/PANI-curcumin.
Step 1: preparation of the skeleton material: we coated a layer of polyaniline on the prepared γ-Fe2O3 particles by a method of solution polymerization, forming a γ-Fe2O3/PANI composite with a core-shell structure.
Step 2: immobilization of curcumin: curcumin was immobilized into the outer layer of PANI, which was due to an interaction between a carbonyl group of curcumin and an amino group of polyaniline. This also showed that the new -N=C bond was formed due to the interaction between an amino group of polyaniline and a ketone group of curcumin. Figure 5 showed the dependence of the external magnetic field on magnetization for γ-Fe2O3 (a), γ-Fe2O3/PANI (b), and γ-Fe2O3/PANI-curcumin (c) in the range of −8000 to 8000 Oe at room temperature. It was found from Figure 5 . The saturated magnetization of γ-Fe2O3/PANI-curcumin mainly came from that of γ-Fe2O3. The gradually decreasing saturated magnetization from γ-Fe2O3 to γ-Fe2O3/PANI-curcumin indicated the decrease of the γ-Fe2O3 content in unit mass products, which also further confirmed that γ-Fe2O3 was covered by PANI and curcumin was immobilized onto γ-Fe2O3/PANI. They were consistent with the results from IR ( Figure 2 ). It can also be seen from Figure 5 that they all exhibited superparamagnetism because there was no remnant magnetization (Mr) or coercive force (Hc) [29] . In order to determine the most suitable proportion of curcumin during synthesizing γ-Fe2O3/PANI-curcumin, γ-Fe2O3/PANI-curcumin was prepared by using different molar ratios of γ-Fe2O3/PANI to curcumin. Figure 6 showed the magnetizations of γ-Fe2O3/PANI-curcumin with different molar ratios of γ-Fe2O3/PANI to curcumin. Curve a was γ-Fe2O3/PANI, its saturated magnetization was 44 emu· g −1 . Curves b, c and d represented that of the different molar ratios of γ-Fe2O3/PANI to curcumin, which were 2:1, 1:2, and 1:1, respectively. It can be seen from Figure 6 that the saturated magnetization intensity of γ-Fe2O3/PANI-curcumin nanoparticles reduced with increasing the molar ratios of γ-Fe2O3/PANI to curcumin. This may be due to that curcumin was immobilized into γ-Fe2O3/PANI leading to the decrease of the γ-Fe2O3 content in unit mass products. From Figure 6 we can also understand that the saturated magnetization intensity was various for different molar ratios prepared products. When the molar ration between γ-Fe2O3/PANI and curcumin is 2:1, the saturated magnetization (41 emu· g −1 ) was maximum. When the molar ratios between γ-Fe2O3/PANI and curcumin was 1:2 and 1:1, the saturated magnetization decrease from 41 emu· g −1 to 24 emu· g −1 and
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19 emu· g −1 , respectively. In the figure, we can also obtain that all γ-Fe2O3/PANI-curcumin were superparamagnetic, so we can infer the particle size of ferromagnetic samples was very small and less than 90 nm. Because when the size of the particles (d = 14-90 nm) was within a critical dimension of superparamagnetic, many ferromagnetic substances would transform from the ferromagnetism into superparamagnetism [30] . Figure 7 showed the VSM of γ-Fe2O3/PANI-curcumin under the different reaction time at room temperature, the Curves a~e were the hysteresis loops of γ-Fe2O3/PANI-curcumin corresponding to the reaction time of 4, 8, 12, 16 , and 20 h, respectively. From Figure 7 we can find γ-Fe2O3/PANI-curcumin were all superparamagnetic at different reaction time, indicating that the particle diameter of γ-Fe2O3/PANI-curcumin was less than 50 nm. Figure 8 showed magnetizations of γ-Fe2O3/PANI-curcumin were affected by the reaction time. During the reaction time between 4 and 16 h, the saturated magnetization decreased with the increase of the reaction time. The strongest saturated magnetization was 30 emu· g −1 at 4 h, and the weakest one was 13 emu· g −1 at 16 h. This trend may be attributed to the increase of the curcumin percentage in the composite as the reaction time increased. It should be noticed that the saturated magnetization for 20 h was greater than that at 16 h, which did not follow the trend and needed to be further studied. Figure 9 showed a TEM image of γ-Fe2O3/PANI-curcumin and the particle size distribution of γ-Fe2O3 (a), γ-Fe2O3/PANI (b), and γ-Fe2O3/PANI-curcumin (c). It can be seen from the TEM image that the average particle diameter of γ-Fe2O3/PANI-curcumin was between 10 and 50 nm. However, the particle size obtained from the Zetasizer Nano instrument was smaller than that from TEM, the reason could be from that the equal refractive index of the hydration layer of the particles and the solvent, the hydration layer was not detected in the Zetasizer Nano instrument. The obtained particle size was smaller than that from TEM. The particle diameter was within the critical dimension of superparamagnetism (d = 14-90 nm), they were consistent with the result of the VSM. The conductive superparamagnetic particles with a diameter less than 100 nm were expected to be highly favorable as a targeting carrier for a local therapy [31] . 
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Cyclic Voltammograms of Composite Particles
The cyclic voltammogram of the samples was measured in a BR buffer solution and shown in Figure 10 . Curves a-c represented the CVs of polyaniline, γ-Fe2O3/PANI, and γ-Fe2O3/PANI-curcumin, respectively. It can be clearly seen that when the film mass was settled, the electrochemical activity of γ-Fe2O3/PANI significantly decreased, this might be due to the decrease of the polyaniline content in γ-Fe2O3/PANI. It also can be seen from Figure 10 that γ-Fe2O3/PANI-curcumin still possessed some electrochemical activity in a BR buffer solution, which may be favorable to the shape and function of anchorage-dependent cells under current on conductor surface. Figure 11 showed the X-ray diffraction patterns of γ-Fe2O3, γ-Fe2O3/PANI and γ-Fe2O3/PANI-curcumin. When curcumin was immobilized onto γ-Fe2O3/PANI, the obvious crystal diffraction peak at 14°-28° disappeared (Curve d). It may be due to the reason that the interaction between functional groups of curcumin and polyaniline affected the crystal form of PANI. Meanwhile, the characteristic signal of γ-Fe2O3 significantly decreased, which indicated that the interaction between curcumin and polyaniline decreased the content of γ-Fe2O3 in the product. 
X-ray Diffraction of Samples
Conclusions
A conductive superparamagnetic nanocomposite (γ-Fe2O3/PANI-curcumin) was synthesized in this study. Various characterizations of γ-Fe2O3/PANI-curcumin validated its great electrochemical activity and stable magnetic conductivity. The composite particles had a diameter between 10 and 50 nm, and shows promise as a drug carrier. The reaction time of 4 h and the molar ratio of 2:1 between curcumin and γ-Fe2O3/PANI were found to be the optimal conditions, generating the strongest magnetism. This magnetic nanocomposite was expected to be a good candidate for manipulating drugs to a specific location in a target therapy.
